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Abstract
This work presents a closed-loop combustion control concept using in-cylinder pressure as a feedback in a dual-fuel
combustion engine. At low load, Reactivity Controlled Compression Ignition (RCCI) combustion was used while a
diffusive dual-fuel combustion was performed at higher loads. The aim of the presented controller is to maintain the
Indicated Mean Effective Pressure (IMEP) and the combustion phasing at a target value, and to keep the maximum
pressure derivative under a limit to avoid engine damage in all the combustion modes by cyclically adapting the injection
settings. Various tests were performed at steady-state conditions showing good abilities to fulfill the expected operating
conditions but also to reject disturbances such as intake pressure or Exhaust Gas Recirculation (EGR) variations.
Finally, the proposed control strategy was tested during a load transient resulting in a combustion switching-mode and
the results exhibited the closed-loop potential for controlling such combustion concept.
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1 Introduction
Over the years, the research community has been committed
to investigate several technologies to comply with the
emission restrictions for internal combustion engines1–4.
Recently, Low Temperature Combustion (LTC) appeared
to be a suitable solution to reduce pollutants at the
exhaust by reducing NOx and soot emissions at the source
instead of meaning of after-treatment systems5,6. In this
sense, combustion modes such as Homogeneous Charge
Compression Ignition (HCCI) were investigated showing a
good potential7–9. However, limited operating range, low
combustion control and excessive unburned products were
identified10,11. For this reason, other LTC concepts were
investigated such as Reactivity Controlled Compression
Ignition (RCCI) which demonstrates to be one of the most
promising alternatives12–14. This strategy consists in a dual-
fuel combustion (DFC) using a low and a high reactivity
fuel15–17 and where the combustion phasing is controlled by
modulating the blending ratio of the two fuels18–20. RCCI
combustion is however limited in load operation mainly due
to the high pressure derivative levels obtained. Hence, to
extend the operating range, solutions have been highlighted
such as decreasing the engine compression ratio21,22 or
adding a late direct injection of the high reactivity fuel in
a diffusive dual-fuel (DDF) combustion mode23.
Due to their challenging controllability, low temperature
combustion concepts drove the research community to
develop advanced control strategies24–27 and the use of an
in-cylinder pressure sensor for a proper combustion analysis
and feedback diagnostic is generally assumed to be a high
potential solution28–30.
Different closed-loop control applications for controlling
dual-fuel engines can be found in literature. Olsson et al.31
implemented a closed-loop (CL) control using in-cylinder
pressure feedback in a dual-fuel HCCI multi-cylinder engine.
The control was achieved using a Proportional Integral
Derivative (PID) controller on the total fuel amount injected
for controlling the load and on the fuel blending ratio for
the combustion timing control which was gain-scheduled
due to the sensitivity of the crank angle of 50% heat
release (CA50) to the operating conditions. Such control
strategy showed the capability to correct injection settings
up to 6.5 bar Indicated Mean Effective Pressure (IMEP)
at an engine speed between 700 and 2000 rpm. Ott et
al.32 investigated the control of the combustion phasing
and the combustion noise, through the Maximum Pressure
Rise Rate (MPRR), in a natural gas-diesel engine. In this
case, the natural gas was port-injected while the diesel was
direct injected. The CA50 and the MPRR were controlled
by manipulating the Start Of Injection (SOI) and the
duration of the diesel injection. The system was linearized
and Proportional Integral (PI) actions were applied. The
experimental tests were performed at a constant engine
speed of 2000 rpm and varying the engine load from
approximately 3 to 15 bar Brake Mean Effective Pressure
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(BMEP) showing the controller ability to control both
CA50 and MPRR but also to compensate variations in the
intake manifold pressure or the Exhaust Gas Recirculation
(EGR) rate. In the so named RCCI combustion, Hanson
and Reitz33 compared Conventional Diesel Combustion
(CDC) and RCCI under transient operations. Both open-
loop (OL) and closed-loop control were studied including
a PID controller on the combustion phasing by adjusting
the Port Fuel Injection (PFI) ratio. The experimental results
proved that load transient conditions, from 1 to 4 bar BMEP
at 1500 rpm, were possible with an RCCI combustion.
Khodadadi Sadabadi and Shahbakhti34 proposed a controller
to track the desired CA50 by modulating the premixed
ratio (PR) of the two fuels. First they created a control-
oriented model (COM) to predict the combustion phasing,
which was then simplified and linearized in order to
develop a linear observer-based feedback controller. The
control strategy demonstrated satisfactory results to track
the CA50 but also to maintain it to its reference value with
external disturbances. Similarly, Kondipati et al.35 designed
a controller to track the combustion phasing in a RCCI
combustion engine by modulating either the PR or the SOI of
the direct injected fuel (n-heptane). A control-oriented model
was developed for predicting the start of combustion and
the CA50 and, after being validated under steady-state and
transient operation, this COM was used to tune the PI gains
of the closed-loop control. Finally, such gains were applied
and the control strategy was experimentally evaluated by
performing CA50 steps showing an average tracking error
of 2 CAD. More recent work presented by Arora and
Shahbakhti36 was dedicated to a closed-loop control in a
light-duty RCCI engine. Based on PI actions, they suggested
the use of a sensitivity map to control the combustion
phasing either in terms of premixed ratio or SOI of the high
reactivity fuel while the IMEP was obtained by controlling
the total amount of fuel injected. Results showed that the
controller was able to reach desired load under transient
operation but also to maintain the CA50 at a target value.
Indrajuana et al.37 used a multi-zone combustion model
for designing a Multiple Input Multiple Output (MIMO)
feedback control applied on a natural gas-diesel RCCI
engine. The controller used the SOI of the diesel injection,
the diesel and natural gas fuel quantities as control variables
for tracking the desired ignition delay, IMEP and blend
ratio (BR). Reference tracking and disturbance rejection
were evaluated by simulation showing the capability of the
controller to decouple the iteraction between the controlled
variables with satisfactory results. Recently, Raut et al.38
investigated a model predictive control (MPC) for tracking
the IMEP and the CA50 by adjusting the total fuel quantity
and the SOI of the n-heptane fuel, respectively, in an RCCI
engine. The MPC was chosen for its capacity to include
constraints such as the covariance in the IMEP (COVIMEP ).
Furthermore, in order to extend the operating range of the
controller, MIMO MPCs were designed where the premixed
ratio was selected as the scheduling variable. The controller
was experimentally tested and showed to be able to track
the desired IMEP and CA50 over a range of PR variations.
Some work were dedicated at developing combustion mode-
switching strategies in dual-fuel engines, such as the one
presented by Indrajuana et al.39. In this case, Conventional
Dual Fuel (CDF) and RCCI combustion in a natural gas-
diesel engine were considered. The proposed strategy was
based on air-fuel path feedback controllers and static input-
output decoupling to ease the implementation of the mode-
switching controller. Simulation data were used to evaluate
the controller at low load and stationary conditions showing
stable operation during a mode-switching.
This work presents a real-time cycle-to-cycle closed-
loop combustion control using the in-cylinder pressure
signal as a feedback applied to a dual-fuel combustion
engine. A control concept is designed for controlling the
IMEP and the combustion phasing at a desired value while
keeping the MPRR under a defined and safe threshold
in all the combustion modes used over the engine map
(RCCI to DDF). Two experimental validations are presented,
being a disturbance rejection at stationary conditions and a
significant IMEP transient from low to high load including
combustion mode switching without exceeding the operation
limits. The developed control application uses a real-time
data acquisition and processing system combined with
an embedded FPGA real-time controller for the injection
management. Experimental tests were conducted in a
medium-duty engine using gasoline as the port-injected fuel
and diesel for the Direct Injection (DI).
This paper is subdivided into the following sections: first,
the experimental setup is described in Section 2 including the
engine test bench configuration and the acquisition/control
application. Section 3 presents the studied combustion
modes in order to define the injection strategies in each
of them and in Section 4 the proposed control concept
is detailed introducing the different strategies developed.
Finally, the experimental results are presented and discussed
in Section 5 showing the controller ability to maintain
the desired performance under steady-state and transient
operation.
2 Experimental setup
The experimental tests were performed in a multi-cylinder
medium-duty diesel engine where one of the cylinders was
equipped to run under dual-fuel operation. This ”single-
cylinder” research engine was controlled using an in-house
controller, described later in this section, while the rest of
the cylinders were managed by the stock Engine Conrol Unit
(ECU). In order to extend the operating range of the RCCI
combustion, the piston bowl volume was modified for having
a Compression Ratio (CR) of 15.3:1. Table 1 presents the
main engine characteristics.
In order to operate the engine in dual-fuel combustion,
an additional port fuel injection system was installed at the
intake manifold of the research cylinder. Figure 1 shows
the fully instrumented engine including the facilities of both
”single-cylinder” and multi-cylinder part of the engine. As it
can be seen in this figure, a screw compressor was used to
supply the boosted air to the research single-cylinder engine
intake and an additional air-loop was in charge of the exhaust
gas recirculation. The EGR rate can be estimated using the
measurement of both the CO2 concentration at the exhaust
and at the intake using the equation (1) with the atmospheric
concentration [CO2]atm = 0.04%40.
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Table 1. Engine specifications
Number of cylinders 4
Bore x Stroke 110 mm x 135 mm
Crank length 67.5 mm
Total displacement 5100 cm3
Compression ratio 17:1(nominal)
Compression ratio 15.3:1(RCCI configuration)





In this study, regular diesel (DI) and 95 octane number
gasoline (PFI) were used as high and low reactivity
fuels, respectively. More details about injectors, fuels and
instrumentation can be found in previous work presenting the
full load engine operation23.
The in-cylinder and intake pressure signals were measured
using respectively Kistler 6125C and 4045A10 sensors. The
analog signals were acquired using a PXIe-6356 card from
National Instruments capable of simultaneously acquiring 8
channels at a sampling frequency up to 1.25 MHz/channel
and the sampling frequency was set using a research encoder
resulting in a crank angle based acquisition with 0.2 Crank
Angle Degree (CAD) resolution. Then, a PXIe-8135 module
was used to analyse, process, and store the data. This
device includes a 2.3 GHz quad-core Intel Core i7 processor
ensuring a fast and reliable computation. The port fuel and
direct injectors were connected to a real-time cRIO-9024
controller synchronized with the camshaft and crankshaft
signals. Both, PXIe-8135 and cRIO-9024, were connected by
Ethernet protocol to a computer for programming algorithms
and visualizing the data in LabVIEW software. Figure 2
summarizes the hardware architecture of the control system.
The in-cylinder pressure pegging was done using the
intake manifold pressure near the intake Bottom Dead Center
(BDC)41 and a Butterworth low-pass filter, tuned at 3 kHz for
removing high frequency components, was applied. Finally,
the combustion phasing calculation was performed using the









· V (θ) · dPcyl(θ)
(2)
with θ the crank position, k a constant polytropic coefficient,
Pcyl the in-cylinder pressure and V the instantaneous
chamber volume.
3 Combustion modes
With the aim of achieving dual-fuel operation into the whole
engine map, maximum pressure derivative (MPRR) and in-
cylinder pressure (Pmax) limits were set to 15 bar/CAD and
190 bar respectively. According to such limitations, three
different strategies have been investigated23:
• RCCI Fully-Premixed (FP), from idle up to 40%
load, corresponding approximately to 8 bar IMEP: this
combustion type is achieved using advanced double
diesel injections allowing a high mixing time before
the Start Of Combustion (SOC), resulting in ultra-
low NOx and soot levels. In this strategy, the load
is achieved by acting on the total premixed charge
and the combustion phasing is governed by the fuel
reactivity through the gasoline fraction (more gasoline
delaying the combustion). At these low loads, the
MPRR levels are low enough to not represent a risk
for the engine.
• RCCI Higly-Premixed (HP), from 40% up to 75%
load, about 15 bar IMEP: when reaching higher
loads, the previous mode is limited by the pressure
derivative levels due to the abrupt auto-ignition of
the premixed charge. Thus, for achieving the desired
load while maintaining the MPRR at a safe threshold,
the second diesel injection is delayed near the Top
Dead Center (TDC). Nevertheless, due to the lack
of premixing time for the late diesel injection, this
strategy provides higher soot levels but NOx emissions
can still be achieved below EURO VI limit under
specific operating conditions (intake pressure, EGR,
etc.).
• Diffusive Dual-Fuel (DDF), from 75% up to full
load: in this strategy, in order to increase the load
without exceeding the mechanical constraints, only
one single late diesel injection is used in addition to
the gasoline. In this case, the location of this diesel
injection becomes the main variable for combustion
phasing control. The AHRR is composed of an abrupt
peak due to the combustion of the premixed mixture
followed by a long diesel-like combustion during the
expansion stroke (see right plot of Figure 3). However,
because of the diffusive nature of this combustion
operation, NOx emissions cannot be maintained under
EURO VI limit and high soot levels are obtained.
Figure 3 (left plot) presents the aforementioned injection
strategies for each combustion mode. The blue square

























Figure 2. Hardware architecture - acquisition and processing actions (blue) and control actions (red)
intake stroke. In RCCI FP, D1 and D2 are used as early
diesel injections (in green) where the sum of their masses
corresponds to the premixed diesel fuel mass mdi,pre. In
RCCI HP combustion mode, the diesel injection D2 is moved
near the TDC and is then considered as a post injection while
D1 remains a part of the premixed charge. Finally, in DDF,
the injection D1 is not used anymore and only one single post
diesel injection is performed in addition to the gasoline.
As a summary, the presented combustion modes are
managed by the following injection parameters: the gasoline
mass mgas, the premixed diesel mass mdi,pre (including
mD1 andmD2), and the post diesel injection through its mass
mdi,post and its start of injection SOIpost.
4 Control system
Common open-loop control is based on look-up tables
storing the control variables usually as a function of the
load and the engine speed. The main drawback of such
method is that if the operating conditions (intake pressure,
EGR, air mass, etc.) are not exactly as expected, undesired
performance could be obtained. Hence, a closed-loop control
was programmed for achieving the desired IMEP and
combustion phasing and for limiting the MPRR under a
safe range by correcting the open-loop settings by means
of PI controllers to define the final control actions. In
this work, instead of the common CA50, the combustion
phasing was estimated through the parameter known as the
combustion centroid43 that the authors named the Crank
Angle combustion Center of Gravity (CACG) in this work.
This choice is justified by an important CA50 cycle-
to-cycle variation when working under high load dual-
fuel combustion. More details about such parameter can
be found in appendix A. The in-cylinder pressure signal
was used to calculate the combustion metrics and such
values were fed back to the controllers. A low-pass filter
was applied to calculate the error between the desired
value and the value obtained at the previous cycle to
avoid control instabilities and encompass normal cyclic
variability. In order to simplify the control strategies and their
implementation, the previously cited injection quantities
were rearranged and the control concept results then into four
basic control parameters:
• The preximed fuel mass mpre (equation (3))
• The gasoline fraction of the premixed mass GFpre
(equation (4))
• The start of injection of the post diesel injection
SOIpost
• And finally the total fuel mass mtot (equation (5))





mtot = mpre +mdi,post (5)
The premixed diesel mass mdi,pre can be achieved
through one single injection or splitted into two early diesel
injections as introduced in Figure 3. The aforementioned
control parameters are stored in look-up tables for
conventional open-loop control as a function of the current
engine speed and the desired IMEP. These values are
then closed-loop corrected in order to reach the desired
performance. The rest of the control variables such as
SOIgas or SOID1 are considered as calibration parameters
(also stored in look-up tables) and are not varied by the
controller. Figure 4 presents the closed-loop control concept
used in this work. The control actions for each parameter
modulated by the PI controllers in Figure 4 are explained
below:
IMEP control. As it can be seen in Figure 4, the engine
load is directly controlled by the total fuel mass injected
mtot. Thus, the more the total fuel mass the more the load
at the engine output.
CACG control. In this concept, although the CACG
is controlled by using a single output PI controller, the
corrections are applied to two control parameters: the
gasoline fraction (GFpre) and the start of the post injection
(SOIpost). First, while the combustion phasing can be
reached by using the premixed charge, only GFpre is















Figure 3. RCCI combustion concept: injection strategies (left) and non-exhaustive AHRR profiles of the three presented
combustion modes (right)
controlled in order to modify the reactivity of the fuel
mixture. However, when GFpre approaches 1, meaning that
the premixed fuel mass is limited due to the MPRR level
and only gasoline is injected, such control parameter cannot
be more extended and thus the SOIpost starts to control
the CACG. Figure 5 describes the logic behind the CACG
controller, where εCACG corresponds to the error between
the desired CACG value and the measured feedback and4u
corresponds to the control corrections.
MPRR control. Finally, when the actual MPRR has been
detected as above a limit the control starts to correct the
premixed charge to maintain the MPRR level to the desired
limitation. To control such parameter, the actions are applied
to the premixed mass mpre as presented in equations (6) and
(7).
∆mpre = kp · εMPRR+
ki
∫
εMPRR when εMPRR > 0
(6)
∆mpre = C1 · kp · εMPRR+
C2 · ki
∫
εMPRR when εMPRR ≤ 0
(7)
where kp and ki represent the proportional and the integral
gain respectively,C1 andC2 are calibration constants (higher
than 1) in order to get a faster response from the controller
when the MPRR is reaching a value above the limit.
Such control embeds an hysteresis for avoiding control
instabilities and the desired MPRR limit was set to 12
bar/CAD in order to keep a safety margin from the limitation
of 15 bar/CAD.
5 Results and discussion
This section presents the results of the tests performed for
validating the described combustion control concept. First,
steady-state conditions were used to evaluate the ability
of the controller to maintain desired performance while
rejecting external disturbances. Then, a load transient test
is presented to assess the controller capability under such
conditions.
5.1 Steady-state validation
The operating points listed in Table 2 were selected for
the steady-state evaluation of the controller. Operating point
B represents a transition between RCCI FP and RCCI HP
modes due to its load and resulting pressure derivative levels.
Furthermore, a CACG transient with the operating conditions
D is presented.
As previously highlighted, the closed-loop control is
used to correct the control actions when the operating
conditions deviate from the expected ones. Hence, various
tests were performed varying parameters such as the intake
pressure Pint, the EGR rate or the diesel injection pressure
Prail to validate the controller aptitude to reject eventual
disturbances. The CACG target value was delivered by its
look-up table from the open-loop control and is expressed
in CAD after the top dead center (aTDC). The control
variables mtot, mpre, GFpre and SOIpost were originally
set by the open-loop values and then closed-loop corrected
to reach desired performance. The controller potential is then
evaluated testing the control of the IMEP and the CACG
to a target value while keeping the MPRR under a safe
threshold. In all the following graphs, the target value for
IMEP and CACG and the limit value for MPRR are shown
in a black line, the control and obtained variables are shown
in a grey line and the mtot in the mpre graph is shown
in a dashed black line to distinguish their respective values
when reaching a transition in the combustion mode. An
additional graph shows the AHRR profile of three selected
cycles shown in grey scale colour dots.
Figure 6 presents an EGR disturbance rejection test in
a RCCI fully-premixed case. The EGR valve position was
varied in order to modify the CO2 concentration at the intake.
The controller shows the capacity to control the IMEP and
the CACG within a mean absolute error of 0.09 bar and 0.28
CAD respectively. In this case the MPRR was not controlled



































































Figure 4. Closed-loop control structure - Abbreviations, m: mass; pre: premixed; tot: total; gas: gasoline; di: diesel; InjD:
injection duration - Subscripts, des: desired; cmd: command; fb: feedback
Table 2. Operating conditions of steady-state experimental tests
Operating point Combustion mode Engine speed IMEP Pint Prail EGR
- - [rpm] [bar] [bar] [bar] [%]
A RCCI (FP) 1200 4 1.4 1200 0 to 58
B RCCI (FP-HP) 1200 8 1.8 to 2.7 1200 24 to 38
C RCCI (HP) 1200 12 2.2 1000 to 1400 49












Figure 5. CACG control concept
mass mtot is equal to mpre because the premixed charge
is able to provide the desired load. The black dashed line
corresponding to the total fuel mass is represented in the
graph of mpre showing this observation. As expected, the
increase in the EGR rate tends to delay the combustion and
thus the gasoline fraction must be decreased to keep the
combustion phasing constant44,45. It can be then observed
that the controller decreases such variable and was able to
maintain the IMEP by modulating the total injected fuel
mass. Those effects can also be appreciated in the AHRR
profiles where the three selected cycles show a very similar
trend, resulting in an equivalent IMEP, CACG and MPRR.
In Figure 7 the intake manifold pressure is varied along
the test in order to evaluate the control ability to keep the
engine under desired performance at operating conditions
B. Note that the EGR valve opening was set to a constant
explaining the variation in the EGR rate at the intake as
detailed in Table 2. As it can be seen, increasing the intake
pressure involves an increase of the MPRR level resulting
in a transition between RCCI fully-premixed and highly-
premixed combustion modes. In this situation the pressure
derivative level is detected as crossing the limit and thus
activates the control of the MPRR (blue zone in the graphs).
This transition can also be appreciated in the graph of the
mpre evolution where the dashed line corresponds to the
total injected fuel mass. It can be observed that the premixed
charge is limited by the controller to maintain the MPRR
level while mtot is controlled to fulfill the load condition.
When the intake pressure decreases enough to come back
into RCCI FP mode, the MPRR control is deactivated. In
RCCI FP mode, the cycle-to-cycle dispersion of the CACG
has been stated to be an effect caused by the combustion in
the engine itself due to the auto-ignition of the mixture, while
the RCCI HP presents a reduced cycle-to-cycle variability
with the use of the late diesel injection control. However, the
dispersion obtained in the IMEP control, when the pressure
derivative control is activated, has been found to be caused
by some bias in the injectors models making the control a bit
more unstable when trying to limit the MPRR level. Despite










































































































Figure 6. EGR variations at operating point A
such situation, the errors at the IMEP and the CACG control
were found to be within a mean absolute error of 0.18 bar
and 0.33 CAD respectively, while the absolute difference
between the MPRR and the desired limitation (in the blue
zone) was about 0.75 bar/CAD. As it can be seen in the
AHRR profiles, the increase in the intake pressure makes
the combustion start earlier in both combustion modes. The
slight differences between the profiles are also due to the
difference in the total injected fuel mass and the cycle-to-
cycle dispersion of such combustion concept.
Figure 8 shows the results obtained in a test where the
diesel rail pressure was varied in order to evaluate the
controller ability to reject such variation while keeping
IMEP, CACG and MPRR constant. This test was performed
at the operating point C (RCCI HP) and varying the Prail
between 1000 and 1400 bar. In such combustion mode
and load, the MPRR level could damage the engine and
is hence controlled near the limit. The controller shows a
global capacity to compensate such variations although some
spikes in the load and the combustion phasing control can
be observed when changing suddenly the rail pressure from
1200 to 1400 bar and opposite way. Such phenomenon could
be explained by some inaccuracies in the injector model,
which allows to convert the desired mass into injection
duration (see Figure 4), in this area of rail pressure. The
selected cycles present a similar AHRR profile showing that
the controller is able to correct the injection settings to keep
the engine under desired performance. Despite the stated
spikes, the mean absolute error of the IMEP control is 0.13








































































































Figure 7. Intake pressure variations at operating point B: the
MPRR control activation corresponds to the blue zone from
cycle 860 to cycle 1600
absolute MPRR difference to limitation value is about 0.52
bar/CAD.
Finally, an experimental verification of the strategy
presented in Figure 5 in a diffusive dual-fuel combustion
is shown in Figure 9. In this figure the variations were
performed in the desired CACG value. Steps in the expected
combustion phasing were performed manually in order to
validate the controller ability to correct the control variables
and activate the use of the SOI of the post diesel injection to
delay the combustion. As it can be seen, when delaying the
combustion, the first control is applied by an increase in the
gasoline fraction. Then, when this value approaches 1, the
combustion needs to be phased by the help of SOIpost. The
effect of such strategy can also be appreciated on the graph
representing the AHRR corresponding to the selected cycles
(50, 240 and 380). Regarding the IMEP and the MPRR
control it can be observed that both values are still controlled
to the target and the limit value within a mean absolute error
of 0.13 bar and 0.49 bar/CAD respectively. However, it was
found that the controller lasts several cycles to reach the
target value with a rise time about 30 cycles for the gasoline
fraction control and about 80 cycles for the SOI control with
a settling time of about 70 and 110 cycles respectively. This
effect is explained by the smooth PI gains used in this study
for the combustion phasing controller which were set to be
less aggressive in order to ensure a proper MPRR and load
control first. Nevertheless, a better PI gains tuning must be
performed to improve the rise time of the controller.
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Cycle 700 Cycle 1200 Cycle 1800













































































Figure 8. Diesel rail pressure variations at operating point C














































































































Cycle 50 Cycle 240 Cycle 380
Figure 9. Activation of SOIpost control to reach desired CACG
at operating point D
With the aim to verify that the closed-loop controller
was not resulting into an important source of cycle-to-cycle
variation, the standard deviations σ of four operating points
in steady-state conditions were compared between dual-fuel
operation in open-loop and closed-loop control. Figure 10
presents the results obtained from 100 recorded cycles for
IMEP, CACG and MPRR standard deviations. Blue line/dots
correspond to the open-loop control, red to the closed-loop
one and black represents similar operating points in the same
engine with conventional diesel combustion as a reference
trend.
It can be observed that the closed-loop control tends to
increase the standard deviation in the case of the IMEP
and the CACG but still provides quite similar threshold to
DFC-OL. Regarding the pressure derivative, at low load the
MPRR is not controlled because of its low level regarding
the limit. However, at 12 and 16 bar IMEP, when the control
is activated, DFC-CL shows a similar standard deviation
threshold to DFC-OL. In all the cases it can be seen that the
dual-fuel combustion presents more cycle-to-cycle deviation
than in CDC. This effect could be explained by the mixture
and the auto-ignition process of such combustion strategy.
5.2 Transient validation
Figure 11 shows the experimental results of the proposed
controller under load transient conditions. In this test a
significant change in load is performed, from 5 to 24 bar
IMEP, resulting also in a combustion switching-mode. In this
case the switch in the combustion mode was detected by the
controller due to the open-loop settings where an important
fuel mass is injected through a late diesel injection as it can
be seen in the top plot of Figure 11 (difference betweenmpre
and mtot). The difference in combustion modes can also
be appreciated in the bottom plot where the apparent heat
release of three cycles are shown and where it is possible to
observe the diffusive like combustion of the cycle 60.
In the proposed strategy, the PI gains were programmed
such that the load and the safety operation of the engine
(MPRR) were of higher priority compared to the CACG
control. Furthermore, in high transient operation, if operating
conditions (intake pressure, oxygen concentration, etc.) are
not satisfied fast enough, the injection settings could lead into
significant overshoot in the MPRR. Thus, it was decided to
limit the premixed mass mpre within a safe range for a few
cycles at first.
Thanks to a proper calibration of the open-loop injection
settings, and the PI gains tuning on load control, the
controller was able to reach the desired IMEP within an
absolute error of less than 1 bar under a rise time of 1-
2 cycles and without overshoot. However the settling time
was found to be about 25 cycles which must be improved in
future work. Also, it is important to note that in this work
the fuel transport dynamics from the port fuel injection at
the intake were encompassed by the PI calibration due to
the low effect of the PFI in this transient case where the
main part of the load change was ensured by the late diesel
injection, which does not present fuel transport dynamics
(direct injection). However, in a case where the gasoline
fraction would represent an important part of the load charge,
such PFI transport dynamics effect should be included
in the controller in order to improve its performance38.
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Figure 10. Standard deviation comparison at different loads between CDC-OL, DFC-OL and DFC-CL: standard deviations of IMEP
(left), CACG (center) and MPRR (right)




























































Cycle 20 Cycle 60 Cycle 100
Figure 11. Controller performance under transient conditions at
1200 rpm
Furthermore, in transient conditions the residual gases from
the previous cycle can affect the combustion of the next
cycle34 and thus this effect should be assessed. In this work,
the change of the residual gases fraction from one cycle to the
other was found to be small enough to be directly corrected
by the PI actions. Finally, as previously highlighted with
stationary conditions, the controller was able to maintain the
MPRR at the desired limit value by modulating the premixed
fuel mass. The mean absolute error of the IMEP control over
the complete transient test was 0.3 bar with a peak at 1.5
bar error when decreasing the load around cycle 80 during 1
cycle.
6 Summary and conclusion
In this work a cycle-to-cycle closed-loop control has been
investigated and applied to a dual-fuel combustion engine.
In order to extend the dual-fuel operation up to high load,
a diffusive dual-fuel combustion was used while RCCI
combustion was performed at low load.
The presented controller was designed to control the
load and the combustion phasing at a target value and to
keep the pressure derivative level under a safe threshold.
The proposed control concept was based on PI actions,
the total injected fuel mass was used to control the load
and the gasoline fraction for controlling the combustion
phasing which, in this work, was considered as the
combustion centroid. However, when reaching high loads,
this latter parameter could not be used for delaying more
the combustion and thus the SOI of the late diesel injection
was used to reach the expected combustion phasing. While
low load operation presented low MPRR levels, high loads
combustion modes showed the need to limit such variable
in order to avoid engine damage. The control strategy
applied on MPRR was achieved by varying the premixed
charge to maintain the pressure derivative at a safe limit.
The developed controller proved the ability to activate such
control in a transition between RCCI fully-premixed and
RCCI highly-premixed but also in diffusive dual-fuel mode.
The controller validation was performed through various
steady-state experimental tests showing the capacity to
maintain the expected performance under an acceptable
cycle-to-cycle dispersion while rejecting disturbances such
as EGR, intake pressure and diesel injection pressure
variations. Finally, a load transient showed that the developed
control strategy was able to track the desired IMEP within
acceptable error while switching from one combustion mode
to the other without getting over the mechanical constraints.
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A Combustion phasing evaluation
The combustion phasing is usually considered as the crank
angle where 50% of the total energy content of the fuel
has been released, named the CA50. However, some control
instabilities have been found using such parameter as shown
in the top plot of Figure 12. Indeed, in some operating
conditions, when using a post diesel injection at high loads
(close to the TDC), the CA50 estimation could correspond
to the exact transition between the premixed and the late
combustion (see bottom plot). In the case presented in Figure
12, the first part represents 50% of the total fuel mass injected
and is composed by mainly well premixed gasoline (GFpre
is about 85%) and a small part of premixed diesel, while
the second part is only composed by late diesel injected
fuel. The diesel fuel injections are shown in blue in the
bottom plot of Figure 12, the gasoline injection was injected
at 340 CAD-bTDC and is not shown in this graph. It can
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Figure 12. CA50 dispersion (1200 rpm-15 bar IMEP): CA50
(black dashed dotted line) and corresponding CACG (grey line)
in top plot, and associated CHR profiles (grey: cycle-to-cycle,
black: mean) with CA50 level (black dashed dotted line) in
bottom plot. The blue squares represent the diesel fuel
injections
be observed that in those specifics conditions, the premixed
diesel was in enough quantity to increase the reactivity of the
mixture and thus makes that charge to burn early in the cycle.
Therefore, when the post diesel injection is performed, the
previous premixed combustion is about to finish and thus, in
this condition, this late injection (SOIpost at 5 CAD bTDC)
creates a second combustion phase. Hence, in order to adapt
the combustion phasing control up to high load operation, a
different parameter that the authors named the Crank Angle
combustion Center of Gravity (CACG), also known as the
combustion centroid, was used. This value consists in an








where the SOC and the End Of Combustion (EOC) values
are considered as the CA10 and CA95, respectively. As it
can be seen in a grey line in the top plot of Figure 12, the
CACG shows a better behaviour for a closed-loop control
application than the CA50.
